Thin film tandem solar cells provide a promising approach to achieve high efficiencies. 
| INTRODUCTION
Currently, there is an increasing demand to provide cheap high-efficiency solar cells that can exceed state-of-the-art single-junction solar cell technologies. One approach to achieve this is through using tandem solar cells. Tandem or multijunction solar cells have the potential to achieve efficiencies of more than 30%. 1, 2 Thin film solar cells represent the second generation of photovoltaic technology providing a wide range of possible applications and opportunities to further decrease the cost of solar cells. 3 Thin film tandem cells thus provide a promising approach to obtain high efficiencies at low costs. For thin film tandem cells, different technologies were used focusing on integrating high bandgap solar cells on standard thin film technologies through 2-terminal, 4 3-terminal, 5 or 4-terminal junctions. 6 Recently, an increasing number of absorber materials with the potential to act as a top higher bandgap cell have been investigated. [7] [8] [9] [10] [11] [12] [13] Perovskites have demonstrated the ability to achieve high efficiencies, 10 and because of their high bandgap, they have been implemented as top cells in different tandem configurations using standard bottom cells. [11] [12] [13] On the other side, Cu(In,Ga)Se 2 (CIGS) is so far the most promising technology for thin film solar cells. 14 The spectral and absolute corrected PL spectra are converted into energy space. In a semilogarithmic plot, the high-energy wing of the PL peak is fitted linearly and is evaluated by means of the simplified Planck's generalized law, 29 providing the qFLS as well as the temperature. Figure 1A . Figure 1 A also presents the electrical behavior under light for CIS_0.95 measured in-house. Table 1 as a function of absorber bandgap are shown in Figure 2 . All IV measurements were performed after adding an ARC layer.
In Figure 1A , it is observed that V OC increases and J 32 Based on the calculated efficiencies summarized in Table 1 , it can be concluded that the cells lose more in recombination than in incomplete absorption (η el < η op ). Moreover, the V OC deficit decreases and electrical efficiency increases with the addition of Ga as presented in Table 1 and shown in Figure 2A , indicating reduced recombination. It is likely that the main effect of Ga addition is a gradient with increasing band gap toward the back contact, as usually observed in Cu(In,Ga)Se 2 cells prepared by the 3-stage process, and which prevents back contact recombination. 33 The V OC SQ deficit is also plotted in The electrical parameters of the 2 certified cells are also presented in Table 1 . Targeting tandem applications, a longpass filter of 780 nm (1.59 eV photon energy) was used, corresponding to the bandgap (1.57 eV) of a perovskite top cell in a state-of-the-art thin film tandem solar cell reported. 22 The IV characteristics measured under this filter for the 3 low bandgap cells are presented in Figure 1B . The filter acts in place of the upper high bandgap cell in tandem applications. The measured J SC under the longpass filter was then divided by a factor The last column displays the quasi-Fermi-level splitting of the absorbers covered with CdS at 1-sun equivalent illumination because of a thicker CdS layer that has been deposited for longer durations for these 2 cells. CIS_0.95 retains a high EQE up to long wavelengths because a biased ZnO layer was used as transparent conductive oxide (TCO), which has a high transparency in this spectral region because of low free-carrier absorption. 25 IVT measurements between 320 to 50 K were performed under light conditions for the 3 cells to identify the dominant recombination path in these cells.
The activation energy given by the open-circuit voltage extrapolated
to 0 K is comparable to the bandgap for each cell as shown in Figure 4 , indicating that the dominant recombination path is in the bulk of these absorbers. 35 The extrapolated activation energies at 0 K show slightly higher values compared to the bandgap extracted from EQE because of an expected 75 meV additional activation energy accounting for the temperature-dependent thermal velocity and effective density of states indicated in 36 and reported in 37 as well.
To identify the defects present in these cells, admittance measurements at 0 V bias voltage were performed in the dark after keeping the samples in the dark at room temperature overnight. Figure 5A to C shows the temperature-dependent capacitance spectra for CIS_0.95, CIGS_1.04, and CIGS_1.07 respectively. From these figures, it can be deduced that there are 3 capacitance features for each cell, which are marked in Figure 5A . At high temperatures (step 1), we observe a broad capacitance dispersion, which might be related to tail states or in-homogeneities. 38 Alternatively, such a dispersion might indicate the presence of a broad defect-related capacitance step at frequencies well below our measurement range. In that case, the low inflection frequency well below 100 Hz, and correspondingly long 
